Synaptic transmission between rods and depolarizing bipolar cells (DBC) was studied by using simultaneous recording techniques in the living retinal slice preparation. Current injection into the rod elicited a sign-inverting, sustained voltage change in the DBC. Voltage "tails" after the termination of a bright flash were observed in dark-adapted rods and DBC but not in cones. These simultaneously recorded voltage tails were used to isolate the rod input from the cone input and to study the input-output relation of the rod-DBC synapse. Within the voltage range between 0 and -10 mV from the rod dark potential (-39 ± 1.2 mV), the input-output relation of the rod-DBC was approximately linear, with an estimated gain of about 3.7.
In most vertebrate species, bipolar cells receive synaptic inputs from both rod and cone photoreceptors, and the mechanisms of signal transmission at these two synapses may not be identical. It is therefore important to isolate one synapse from the other and to study them separately. Conventionally, rod signals are isolated by using dim green flashes, which exert little effect on cones (2) , but these flashes can only polarize the rods for a few millivolts before they are bright enough to polarize cones.
In this investigation, the synapse between rods and DBC was selectively studied by using simultaneous recording techniques in the living slice preparation of the tiger salamander retina. Synaptic inputs from rods to DBC were activated either by presynaptic current injection or by voltage "tails" in rods after the termination of bright flashes. These methods allowed measurements of postsynaptic signals in bipolar cells elicited only by rods in a wider presynaptic voltage range (0 to -10 mV from the rod dark potential). The input-output relation and synaptic gain of the rod-DBC synapse were studied.
MATERIALS AND METHODS
Preparation. Experiments were carried out on the larval tiger salamander (Ambystoma tigrinum), using the living retinal slice preparation described in detail by Werblin (3) . Thin sections (about 150 ,um) of retina were oriented so that all cell types were visible to the experimenter and might be impaled with microelectrodes at will (see Fig. 1 ). The entire dissection, slicing, and subsequent viewing procedures were carried out under infrared illumination with a dual-unit find-R-scope (FJW Industry, Mount Prospect, IL) and an infrared TV system (Cohn, Palo Alto, CA, model 4415 equipped with silicon target tube).
Recording System. Recording techniques were described by Attwell et al. (4) . The microelectrodes used had resistances between 100 and 600 MW, measured in Ringer's solution, when filled with 2 M potassium acetate. Electrodes were inserted into cells under visual control, using modulation-contrast optics (Hoffman Modulation Optics, Greenvale, NY) under infrared illumination. Rods and bipolar cells were initially identified by their positions in the retinal slice and their morphology (Fig. 1 ). This identification was confirmed by recording the voltage responses to light. DBC were easily singled out from other cells in the inner nuclear layer by their characteristic sustained depolarizing light responses.
Solutions. Preparations were maintained at room temperature (21-270C) in an oxygenated Ringer's solution containing 108 mM NaCl, 2.5 mM KCl, 1.2 mM MgCl2, 2 mM CaCl2, and 5 mM Hepes adjusted at pH 7.7.
Light Source. The preparation was stimulated with light from a quartz halogen source, which could be passed through narrow-band (10-nm half-width) interference filters and through neutral density filters. The light was transmitted to the preparation via the microscope objective, using an epiilluminator section in the microscope. The spot diameter on the retinal slice could be adjusted by a diaphragm in the epiilluminator in a range 300-600 gm. The light source was calibrated with a radiometric detector.
RESULTS
Pairs of rod-DBC were recorded simultaneously by using intracellular microelectrodes in living slices of the tiger salamander retina. To be certain that rods and bipolar cells were synaptically connected in the slice, current pulses were passed into the recorded rod while voltage responses were recorded from the bipolar cell. Fig. 2 shows the voltage responses of a DBC to a constant current of -1 nA passed into a rod in the third cell layer (counted from the top surface of the slice) and to a flash of white light. Positive current pulses into the rod caused either no response or occasional small hyperpolarizations in DBC. From previous work in the same retina, -1 nA of current into a rod should cause a sustained hyperpolarization in the injected rod and transient voltage changes in rods nearby, whereas + 1 nA of current should cause much less polarization because of membrane rectification (5). Rod polarization exerted little effect on cones (6) . Current pulses passed into rods in the top layer of the slice elicited no voltage changes in bipolar cells, possibly because their connections were damaged during the slicing procedures. The depolarizing voltage response of DBC elicited by Abbreviation: DBC, depolarizing bipolar cell(s).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" -1 nA into the rod is consistent with the notion that the rod-DBC synapse is a sign-inverting synapse. Fig. 3 shows the voltage response recorded simultaneously from a rod (middle traces) in the second cell layer of a retinal slice and a DBC (bottom traces) at the surface layer to 500-nm flashes (spot diameter, 400 pum) of various intensities. Voltage responses of a cone recorded from the same retinal slice about 15 min later to the same series of flashes are shown in the top traces. The peak spectral sensitivity for the rod was 520 nm and that for the cone was around 620 nm (6) . At the DBC responses were quite similar despite their opposite polarities, because of the relative weak cone inputs. At higher intensities, the waveform of the DBC response started to deviate from that of the rod in at least two ways: (i) the bipolar cell exhibited a sustained plateau during the course of illumination while the rod showed an initial transient hyperpolarization independent of the duration of the flash; (ii) the bipolar cell responded to the cessation of light with a fast repolarization while the rod did not. These waveform deviations are likely to be mediated by cone inputs, because the cone responses shown in the upper traces exhibited both sustained polarization during illumination and a fast repolarization at the termination of a flash. Despite the waveform deviations, there is a resemblance between the rod and the DBC responses: both cells exhibited a long voltage tail lasting for many seconds after the termination of a bright flash (c-e in Fig. 3 ). The cone response recorded under the same conditions did not show such a tail. It is therefore possible to use these tail voltage responses from simultaneously recorded rod-DBC pairs to study the synaptic transmission from rods to bipolar cells. This approach is advantageous over the method of using voltage responses during illumination because cone inputs can be avoided almost completely. Another advantage is that since the rod voltage returns to its dark level slowly after the termination of light, the voltage tail in the rod provided a natural "ramp" of the presynaptic voltage change of the rod-DBC synapse.
A plot of simultaneous pairs of voltage points from rods and DBC during the tail voltage ramp is shown in Fig. 4 . Within the voltage range between 0 and -10 mV from the rod dark potential (-39 ± 1.2 mV), the data points can be approximately fitted by a straight line, with a slope of about -0.52. The slope of the line in Fig. 4 does not represent the voltage gain of the rod-DBC synapse because only a fraction of the rods that would make presynaptic contacts with the recorded bipolar cell in the whole retina was present in the slice. In the salamander eyecup, the receptive field center of DBC is about 400 Am in diameter (7), which covers about 500 rods (5) . The thickness of the retinal slice used in this study was about 150 ,um (nine layers of rods), but the synaptic connections between rods in the two surface layers and the impaled bipolar cell appeared to be damaged by the slicing procedures as mentioned above. The synaptic inputs of bipolar cells from distant rods in the slice were probably interrupted because current injections into rods 80-100 Aum (5 or 6 rods) away from the impaled bipolar cell elicited either no response or a transient antagonistic response (presumably via the horizontal cell processes; unpublished results). Therefore, the number of rods that were synaptically connected with the impaled bipolar cells in retinal slices was perhaps about 70 (7 x 10). By using the ratio of the number of presynaptic rods in the whole retina to that in the slice as a correction factor, the voltage gain of the rod-DBC in the Values of voltage changes from rod dark potential (abscissa) were arbitrarily chosen at 1.2-mV intervals and the mean values of voltage changes in the simultaneously recorded bipolar cell traces are plotted as filled circles with error bars indicating the standard deviations. The straight line was fitted by eye, with a slope of -0.52. The line does not go exactly through the origin, probably because rod responses do not decay to their dark potentials at exactly the same instant or because the synaptic gain is slightly higher near the dark potential.
salamander retina can be estimated as about -3.7. The negative sign indicated a sign-inverting synapse. The value of this gain is similar to that of the rod-horizontal cell synapse in the turtle retina (3).
DISCUSSION
The evidence described in this article indicates that the rod-DBC synapse behaves linearly at least within -10 mV of the rod's dark potential. The value of synaptic gain, however, depends on the nature of the assumptions made. It is assumed here that the input resistance of bipolar cells in slices is not significantly different from that in the intact retina, because Lucifer yellow-filled cells indicated that only some fine processes of bipolar cells were cut off in retinal slices (unpublished results). It is also assumed that the synaptic inputs are uniform throughout the receptive field center of the bipolar cell, which is determined physiologically to be about 400 pmm in the intact retina (7) . The dendritic arborization determined by peroxidase injection, on the other hand, shows the DBC only contact 10-15 photoreceptors (100-150 pum) (8) . The discrepancy between the functional and morphological field size of these bipolar cells is not clearly understood. It is too great to be attributed to signal spread through the photoreceptor network (6) .
Another assumption for the analysis is that in the slice, all rods presynaptic to the impaled DBC were uniformly hyperpolarized by light. This seems reasonable because the amplitude and waveform of light responses from rods on the surface of the slice were indistinguishable from those recorded simultaneously from cells in deeper layers. The effect of photoreceptor self-screening was apparently minor, possibly because of the photoreceptors being oriented not exactly perpendicular to the direction of incident light and because of light scattering from other retinal cells.
In the vertebrate retina, bipolar cells receive synaptic inputs not only from photoreceptors but also from horizontal cells, which mediate the surround responses of bipolar cells. In the experiments described above, however, horizontal cell contribution to the light responses of the DBC was probably insignificant because of the small diameter (400 pum) of the light spot used for stimulation. The receptive field of the horizontal cells mediating the surround responses of bipolar cells in this retina (the broad-field horizontal cells) was >2000 ,um in diameter (7, 8 after the termination of small spots of bright light, but these cells are unlikely to exert any significant synaptic action on the bipolar cells in the salamander retina based on two lines of evidence: (i) using intracellular peroxidase injection and electron microscopy, Lasansky (8) demonstrated that only broad-field horizontal cells made synapses onto bipolar cells and the narrow cell did not; (ii) when the surround region of narrow-field horizontal cells was illuminated, a depolarization was observed (7, 8) . It is therefore unlikely that the narrow-field horizontal cells are involved in mediating the antagonistic surround responses of bipolar cells because hyperpolarizing light responses in horizontal cells are needed to produce the surround responses of retinal bipolar cells (9) .
Experiments described in this report demonstrate that the synaptic transmission from rods to bipolar cells can be elicited either by current injection into rods or by flashes of light. These two methods induce postsynaptic responses of similar time courses and waveforms, suggesting the hyperpolarization generated by phototransduction is indeed responsible for regulating flow of visual signals to higher-order cells (10) . The linear input-output relation of the rod-DBC synapse indicates that the signal convergence from photoreceptors to bipolar cells can probably be considered as a linear system, with a gain that is proportional to the number of presynaptic photoreceptors.
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